The purpose of the present project work was to understand the formability of AA1050-H18 alloy to fabricate frustum of cone cups using single point incremental forming (SPIF) process. The finite element analysis has been carried out to model the single point incremental forming process using ABAQUS software code. The process parameters of SPIF were sheet thickness, step depth, tool radius and coefficient of friction. The process parameters have been optimized using Taguchi techniques. The major process parameters influencing the SPIF of truncated pyramidal cups were tool radius and sheet thickness.
Introduction
Deep drawing is a sheet metal forming process in which a sheet metal blank is radially drawn into a forming die by the mechanical action of a punch (figure 1). In a series of research on deep drawing process to fabricate variety of cup shapes (figure 2), rich investigation have been carried out to improve the superplastic properties of materials such as AA1050 alloy [1] , AA1070 alloy [2] , AA1080 alloy [3] , AA1100 alloy [4] , AA2014 alloy [5] , AA2017 alloy [6] , AA2024 alloy [7] , AA2219 alloy [8] , AA2618 alloy [9] , AA3003 alloy [10] , AA5052 alloy [11] , AA5039 alloy [12] , Ti-Al-4V alloy [13] , EDD steel [14] , gas cylinder steel [15] . The different cup shapes such as pyramidal [2, 16] , rectangular [3, 17] and cone [4, 18] were fabricated. Incremental sheet forming (SPIF) process has been identified as a potential and economically viable process for sheet metal prototypes and low volume production. In SPIF process (figure 3) , the sheet material is clamped along its edges and a hemispherical headed tool is moved along a predefined geometrical path so that it deforms the sheet locally along the path. In this process, the forming die is not used. The process is very flexible and can be carried out on a computer numerical control (CNC) milling machine. The effect of step depth, feed rate and diameter of the tool on maximum wall angle were studied in cold incremental sheet forming of titanium sheet [19] . In another research, the frustum of cone and pyramid with different slope angles from a sheet of 100 mm × 100 mm size. The cone had been formed with top base diameter 70 mm and depth 39 mm, and pyramid had been formed with top side length of 100 mm and maximum depth of 35 mm. The numerical simulations were also performed using LS-DYNA to analyze the formability [20] .
The current study was to evaluate the formability of frustum of cone cups of AA1050 alloy using SPIF by finite element method. For this purpose the design of experiments was executed as per Taguchi technique. The process parameters of SPIF were sheet thickness, step depth, tool radius and coefficient of friction.
Finite Element Modeling
The finite element modeling of SPIF process was carried out using ABAQUS (6.14) software code to fabricate frustum of cone cups. The material was AA1050 alloy. The SPIF process parameters were chosen at three levels as summarized in Table 1 . The orthogonal array (OA), L9 was pre- Licensed Under Creative Commons Attribution CC BY ferred to carry out experimental and finite element analysis (FEA) as given in Table 2 . C  D  1  1  1  1  1  2  1  2  2  2  3  1  3  3  3  4  2  1  2  3  5  2  2  3  1  6  2  3  1  2  7  3  1  3  2  8  3  2  1  3  9  3  3  2  1 The sheet and tool geometry were modeled as deformable and analytical rigid bodies, respectively, using ABAQUS. They were assembled as frictional contact bodies. The sheet material was meshed with S4R shell elements (figure 4a). The fixed boundary conditions were given to all four edges of the sheet. as shown in figure 4b . The boundary conditions for tool were x, y, z linear movements and rotation about the axis of tool [21] . True stress-true strain experimental data were loaded in the tabular form as material properties. The tool path geometry was generated using CAM software [22] was imported to the ABAQUS as shown in figure 5 . The formability analysis was carried out for the equivalent stress, strain and strain rates and thickness reduction. 
Results and Discussion
The Fisher's test was confirmed to accept all the parameters (A, B, C and D) at 90% confidence level. Hence, the process parameters which had an absolute Fisher's ratio larger than 3.4579 were believed to influence the average value for the forming characteristic under null hypothesis, parameters which had Fisher's ratio less than 3.457 were believed to have no effect on the average. Note: SS is the sum of square, v is the degrees of freedom, V is the variance, F is the Fisher's ratio, P is the percentage of contribution and T is the sum squares due to total variation. The influence of SPIF process parameters on von Mises stress is shown in figure 6 . As seen from figure 4a, the increase of sheet thickness decreased the von Mises stress. As stress is force /area, the stress induced decreases with increase in the area of cross-section, The area of cross-section depends on the sheet thickness. The effective stress was very low for the step size of 0.75 mm as seen in figure 4b . Figure  4c expresses the effective stress as a function of tool radius. The effective is directly proportional to the tool radius. This is due to the increase in area of sheet under the tool. The variation of coefficient of friction from 0.05 to 0.1 did not influence the effective stress; but, further increase in coefficient of friction decreases the effective stress. The principal stresses S 11 , S 22 and shear stress S 12 are shown in figures 7, 8 and 9 respectively. The principle stress S 11 and S 22 are highly compressive up to the plastic strain 2; while the shear stress S 12 is due to tension in the sheet. 
Influence of process parameters on effective stress

Influence of parameters on strain rate
The ANOVA summary of the strain rate is given in Table 4 . The percent contribution column establishes the major contributions 49.89%, 10.66%, 20.93% and 18.51% of sheet thickness, step depth, tool radius and coefficient of friction, respectively, towards variation in the strain rate. Figure 11 : Influence of process parameters on strain rate.
The strain rate was found to be high for sheet thickness of 1.20 mm (figure 11a). As observed from figure 11b, the strain rate was decreased with increase of magnitude of the step (z) downwards. For smaller step size local deformation plays an important role than stretching. While for larger step size, stretching dominates the local deformation. The strain rate was high for the tool radius of 5 mm ( figure 11c). The strain rate was proportional to coefficient of friction as shown in figure 11d . The frictional shear stress is a function of friction ( = , where F n is the normal pressure).
Influence of parameters on thickness reduction
The ANOVA summary of the thickness reduction is given in Table 5 . Tool radius, sheet thickness, step depth and coefficient of friction share in the decreasing order of their contribution 43.54%, 41.42%, 13.38% and 1.50% towards variation in the thickness reduction. The reduction of thickness was decreased with increase of sheet thickness as shown in figure 12a . This might be due to increase of resistance to plastic deformation in thick sheets for deep drawn of frustum of cone cups. The thickness reduction was decreased with increase of step depth ( figure  12b ). This might be due to small local plastic deformation with large step depth. The thickness reduction was increased with increase of tool radius ( figure 12c ). The coefficient of friction did not influence the thickness reduction ( figure  12d ). The reduction of thickness was considered at the center-line of the deformed cup as shown in figure 13 . As observed from figure 14 , the majority of thickness reduction takes place in the upper part of the cup wall. Surprisingly, the sheet material in plastic state was pushed into lower of part cup wall wherein the thickness was built up. The elements located at the upper regions of the walls are elongated higher than those present at the lower regions of the cup walls. 
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Formability of SPIF process
The formability diagrams of the cups are shown in figures 15, 16 and 17. During initial stages of SPIF, the shear and compressive stresses were dominating the formability of frustum of cone cups of AA1050 alloy. At later stages of plastic deformation the tension is highly predominant resulting the stretching sheet. For the trial 6 the formability limit diagram falls within the region of deep drawing process as compared with figure 18 . For the rest of trials, the formability limit diagrams fall within the region of failure due to simple tension. 
Conclusions
The major SPIF process parameters which influence the formability of frustum of cone cups of AA1050-H18 alloy were sheet thickness and tool radius. The optimal process parameters could be sheet thickness of 1.5 mm, step depth of 0.5 mm, tool radius of 4.0 mm and coefficient of friction of 0.05.
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